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Abstract
Motivation: Incorporation of selenocysteine (Sec) into proteins in 
response to UGA codons requires a cis-acting RNA structure, Sec 
insertion sequence (SECIS) element. Whereas SECIS elements in 
Escherichia coli are well characterized, a bacterial SECIS consensus 
structure is lacking. 
Results: We developed a bacterial SECIS consensus model, the key 
feature of which is a conserved guanosine in a small apical loop of 
the properly positioned structure. This consensus was used to build 
a computational tool, bSECISearch, for detection of bacterial SECIS 
elements and selenoprotein genes in sequence databases. The pro-
gram identified 96.5% of known selenoprotein genes in completely 
sequenced bacterial genomes and predicted several new selenopro-
tein genes. Further analysis revealed that the size of bacterial sele-
noproteomes varied from 1 to 11 selenoproteins. Formate dehy-
drogenase was present in most selenoproteomes, often as the only 
selenoprotein family, whereas the occurrence of other selenopro-
teins was limited. The availability of the bacterial SECIS consensus 
and the tool for identification of these structures should help in cor-
rect annotation of selenoprotein genes and characterization of bac-
terial selenoproteomes. 
Introduction 
The 21st naturally occurring amino acid, selenocysteine 
(Sec), has been identified as the major biological form of se-
lenium in several enzymes and proteins found in bacteria, ar-
chaea, and eukaryotes (Böck, 2000). The synthesis of Sec and its 
insertion into nascent polypeptides requires a complex molec-
ular machinery that recodes in-frame UGA codons, which nor-
mally function as stop signals, to serve as Sec codons (Hatfield 
and Gladyshev, 2002). A key feature that instructs ribosomes 
to recognize UGA as Sec codon is a selenocysteine insertion se-
quence (SECIS) element, a stem–loop structure residing within 
selenoprotein mRNAs (Low and Berry, 1996). 
In eukaryotes and archaea, SECIS elements are located in 
untranslated regions (UTRs) of selenoprotein genes (Böck, 
2000). Conserved features of eukaryotic SECIS elements have 
been well characterized (Low and Berry, 1996; Walczak et al., 
1998). The Quartet (SECIS core) formed by four non-Watson–
Crick base pairs and two unpaired adenosines in the apical 
loop, are essential for SECIS function (Supplementary informa-
tion, Figure S1). Predicted primary and secondary structures 
of archaeal SECIS elements differ from those in the eukaryotic 
counterparts and display a common motif containing a purine-
only GAA … A internal loop and three consecutive C–G or G–
C base pairs (Supplementary Figure S1; Wilting et al., 1997). 
Bacterial SECIS (bSECIS) elements differ from both eukary-
otic and archaeal elements with respect to sequence and struc-
ture and are located immediately downstream of Sec-encoding 
UGA codons (Berg et al., 1991; Hüttenhofer and Böck, 1998). 
However, identification of conserved features in bSECIS ele-
ments proved difficult. To date, the best characterized bSECIS 
elements are in genes encoding formate dehydrogenases H 
(fdhF), N (fdnG) and O (fdoG) in Escherichia coli (Supplemen-
tary Figure S1). A number of structure–function studies have 
shown that E. coli SECIS elements are composed of two do-
mains: one containing a Sec UGA codon and the other a 17 nt 
stem–loop separated from UGA by 11 nt. Exposed GU in the 
apical loop and bulged UU in the upper stem are regarded as a 
common core of the E. coli SECIS elements (Heider et al., 1992; 
Hüttenhofer et al., 1996). A fixed distance between the in-frame 
UGA codon and the apical loop is also important for SECIS 
function (Chen et al., 1993). However, putative SECIS elements 
identified in selenoprotein mRNAs in several other bacteria, 
such as Clostridium sticklandii, Clostridium purinolyticum, and 
Eubacterium acidaminophilum, seem to bear no resemblance to 
each other or to the E. coli counterparts with respect to loop se-
quences or lengths of the stems (Heider et al., 1991; Gursinsky 
et al., 2000). Thus, although the E. coli SECIS elements are well 
characterized, it is not known if these structures are present in 
all bacterial selenoprotein genes, and if so, what the common 
features of bacterial SECIS elements are. 
Various bioinformatics algorithms have been developed for 
detection of eukaryotic SECIS elements. These programs suc-
cessfully identified new selenoproteins in mammalian and 
Drosophila genomes and in several expressed sequence tag 
(EST) databases (Kryukov et al., 1999; Lescure et al., 1999; Cas-
tellano et al., 2001; Kryukov et al., 2003). Recently, this method 
was extended to archaeal SECIS elements (Kryukov and Gla-
dyshev, 2004). In contrast, owing to lack of bacterial consen-
sus SECIS models, prediction of bacterial selenoproteins in 
genomic sequences is difficult. Instead, these proteins can be 
identified through searches for Sec/Cys pairs in homologous 
sequences (Castellano et al., 2004; Kryukov and Gladyshev, 
2004). One deficiency of this approach is the inability to iden-
tify selenoproteins, which have no Cys-containing homologs. 
Although only one such protein, glycine reductase selenopro-
tein A, is known in bacteria, it is possible that additional pro-
teins exist. 
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In this report, we analyzed sequences downstream of Sec 
UGA codons in known bacterial selenoprotein genes and built 
a consensus bSECIS structural model. Based on this model, we 
developed bSECISearch, an algorithm for prediction of bacte-
rial SECIS elements and selenoprotein genes in genomic data-
bases. We used this approach to screen completely sequenced 
genomes containing Sec insertion machinery genes and further 
analyzed selenoproteomes in these organisms. 
Systems and Methods
Sequences and resources
Among all completely sequenced bacterial genomes (240 ge-
nomes, December 31, 2004) available at the NCBI ftp server (ftp://
ftp.ncbi.nih.gov/genomes/Bacteria/), we selected those contain-
ing genes involved in Sec biosynthesis and insertion, including 
Sec synthase (SelA), Sec-specific elongation factor (SelB), tRNA-
Sec (SelC) and selenophosphate synthetase (SelD) (Forchhammer et 
al., 1990; Ehrenreich et al., 1992). A total of 29 Sec-utilizing com-
pletely sequenced bacterial genomes were identified and at least 
one known selenoprotein was found in each of these genomes. 
Blast programs were obtained from the NCBI ftp server (ftp://
ftp.ncbi.nih.gov/blast/). We used the 2.2.9 version of this pro-
gram. RNA secondary structures were predicted by RNAfold v.1.4 
(available at http://www.tbi.univie.ac.at/~ivo/RNA/). Multiple 
alignment and phylogenetic tree analyses were performed using 
ClustalW (http://www.ebi.ac.uk/clustalw/) and visualized with 
BoxShade and Treeme programs, respectively. 
Composition of bSECISearch
The bSECISearch tool is composed of three modules: bSECIS-
can is responsible for initial identification of bacterial SECIS-like 
structures in query genomes; bSECISProfile profiles and evaluates 
candidate bSECIS elements; bSECISFilter filters out false positives 
by homology searches. A general scheme of the entire algorithm is 
shown in Figure 1. 
Development of a consensus bSECIS structural model
We collected 100 known bacterial selenoprotein sequences 
from different selenoprotein families and organisms, predicted 
their optimal secondary structures in regions downstream of Sec 
UGA codons by RNAfold and compared structures and sequences 
to identify common features. A consensus bSECIS structural 
model (Figure 2) was then developed. The minimum free energy 
(MFE) cutoff was based on the free energy calculation of known 
bSECIS elements and was set at –7.5 kcal/mol. 
 
bSECIS element prediction and ORF identification  
(bSECIScan module)
Since bacterial SECIS elements are located immediately down-
stream of Sec-encoding UGA codons in the coding regions of sele-
noprotein genes, bSECIScan searches with a sliding window (39–
100 nt) starting from each UGA codon in a query genome and 
retrieves UGA-containing sequences. Secondary structure of each 
sequence is predicted by RNAfold and analyzed against the con-
sensus bSECIS model (Figure 2). For each UGA-containing se-
quence that satisfies this consensus, regions upstream and down-
stream of the UGA codon are analyzed for occurrence of open 
reading frames (ORFs) (Figure 2). If a stop codon is detected closer 
to the UGA codon than an appropriate start codon (AUG or GUG) 
in the same frame of a candidate selenoprotein gene, the UGA-
containing sequence is discarded. 
Segment-based bSECIS profiling and statistical evaluation 
(bSECISProfile module)
To profile candidate bSECIS elements, a training dataset con-
taining 60 SECIS elements in known bacterial selenoprotein genes 
was prepared. These SECIS elements were derived from various 
selenoprotein families and used to construct a statistical measure. 
To avoid bias in the profiling score on the origin of the sample, 
sequences were selected such that no pair of SECISes had >90% 
sequence identity within the bSECIS element region. Secondary 
structures of bSECIS elements in the training set were divided into 
basic components of a standard stem–loop structure: apical loop, 
upper and lower stems, internal loop, etc. A segment-based algo-
rithm, DIALIGN (Morgenstern et al., 1996), was used to separately 
align the apical loop and the upper-stem of the training data as 
these regions are known to be most important for SECIS function 
(Engelberg-Kulka et al., 2001). This procedure allowed detection 
and correct alignment of short similar regions in long sequences 
of low overall similarity (e.g. the conserved G in the apical loop in 
our bSECIS model). 
Position specific scoring matrices (PSSMs, Staden, 1984) for the 
apical loop and the upper stem were then derived from the align-
ment. To find optimal bSECIS elements in the candidate set, we 
developed a quasi-greedy alignment algorithm based on the stan-
dard Gotoh’s dynamic programming algorithm (Gotoh, 1982). 
We optimized the standard algorithm by adding additional con-
straints, including eliminating sequence combinations with neg-
Figure 1. A schematic diagram of the bSECISearch algorithm. The pro-
cedure consists of three modules: bSECIScan, bSECISProfile and bSEC-
ISFilter. Details of the search process are provided in the Systems and 
methods section and are discussed in text.
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ative weight scores or excessive number of gaps. Moreover, the 
score was obtained not only from the substitution score, but also 
from the weight matrices and our bSECIS structural model (see 
Supplementary information). Optimal bSECIS elements and their 
predicted ORFs were presented with weight scores greater than 
the cutoff. In this study, the score cutoff was predefined as 28.0 
based on the observation that at least 95% of bSECIS elements in 
the training set scored greater than the cutoff. 
For statistical evaluation, we calculated how often a putative 
bSECIS element of a given (or greater) score would be occurring 
under a null model (E-value, Hertz and Stormo, 1999). The follow-
ing approximate equation was obtained to calculate our E-value: 
E = 7.11 × 105 Le–1.37Sb
where L is the effective length of each bSECIS element and Sb is 
the normalized alignment score (see Supplementary information 
for details). 
Analysis of conservation of UGA-flanking regions  
(bSECISFilter module)
bSECISFilter makes use of the blast search tool (Altschul et al., 
1990) to identify homologs of putative bSECIS-containing ORFs in 
microbial genomes and non-redundant (NR) databases. The key 
process of the procedure is to analyze the conservation of UGA-
flanking regions in each putative bSECIS-containing ORF. 
The tblastn program was first used to screen the NCBI micro-
bial genome and nucleotide NR databases with the bSECIS-contain-
ing ORFs. Only those hits with E-value ≤ 0.05 and the percent sim-
ilar residues in the high-scoring segment pair (HSP) ≥ 40% were 
selected. Genomic sequence hits that were derived from the same 
query organism were filtered out. The remaining highly significant 
hits were then screened to assess the residues aligned with Sec in 
the query sequence. If the following criteria were not satisfied:
i. Number of C- or U-containing hits in different organisms ≥ 2; 
ii. (Number of C- or U-containing hits) ÷ (Number of total hits) 
≥ 50%.
where C designates Cys and U designates Sec, the UGA-contain-
ing sequence was discarded. The remaining hits were analyzed 
with blastx in all six reading frames to examine the conservation 
of UGA-flanking regions. Most false positive hits could be filtered 
out by the two blast programs. 
The resulting primary candidate set was then divided into ho-
mologs of previously known selenoproteins [including experi-
mentally verified and computationally predicted selenoproteins 
(Kryukov and Gladyshev, 2004)] and candidate selenoproteins. 
All candidates were manually analyzed for the location of the 
UGA codon, the occurrence of Sec-containing and Cys-containing 
homologs in Sec-utilizing or other organisms, and the presence of 
bSECIS elements in Sec-containing homologs. Selenoproteins were 
designated as new if they satisfied the following criteria:
1.) the UGA codon was not present between two different func-
tional domains; 
2.) if additional Sec-containing homologs were available, at least 
one was present in an evolutionarily distant Sec-utilizing 
organism; 
3.) at least 50% of Sec-containing homologs in known Sec-utiliz-
ing organisms contained bSECIS elements. 
Finally, a set of new selenoproteins was generated. 
Implementation 
The bSECISearch algorithm was implemented mainly in Perl, ex-
cept for the bSECISProfile module, which was written in ANSI C. 
The program is completely automated and was successfully tested 
on a LINUX platform. 
 
Results 
Consensus bSECIS structural model
We constructed a structural alignment of 100 predicted SE-
CIS structures present in representative bacterial selenopro-
tein sequences and developed a consensus bSECIS structural 
model (Figure 2). This model described a common stem–loop 
core in bacterial SECIS elements. However, individual bSE-
CIS elements may have additional functionally important fea-
tures. For example, a bulged U is present in the stem of the 
fdhF SECIS element and was shown to be required for Sec in-
sertion (Hüttenhofer et al., 1996), but this feature is absent in 
most other bSECISes. In our bSECIS model, the common core 
is composed of a 3–14 nt apical loop, which is small (3–5 nt) 
Figure 2. Consensus bSECIS structural model and minimum ORF constraints. The Sec-UGA codon is shown in bold and is underlined. The consensus 
bSECIS model includes: (i) a 3–14 nt apical loop and a 4–16 bp upper-stem, (ii) at least one guanosine (G) among the first two nucleotides in the apical 
loop, (iii) a spacing of 16–37 nt between the UGA codon and the apical loop and (iv) MFE ≤ –7.5 kcal/mol. Minimum ORF constraint includes at least 
one AUG/GUG codon between the Sec UGA codon and the first upstream stop codon.
bSECISE ar C h al g o rI th m f o r SECIS E l E mE n tS an d S El E n o p r o tE In g E n E S   2583
Ta
bl
e 
1.
 A
na
ly
se
s 
of
 c
om
pl
et
el
y 
se
qu
en
ce
d 
ba
ct
er
ia
l g
en
om
es
 o
f S
ec
-u
til
iz
in
g 
or
ga
ni
sm
s 
w
ith
 b
SE
C
IS
ea
rc
h
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
  F
in
al
 r
es
ul
ts
 
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
  G
en
om
e 
   
   
   
   
G
C
   
   
   
 U
G
A
   
   
  A
ll 
kn
ow
n 
   
   
   
A
nn
ot
at
ed
   
   
   
bS
EC
IS
ea
rc
h 
   
   
   
   
   
   
   
   
bS
EC
IS
Fi
lte
r 
   
   
  D
et
ec
te
d 
kn
ow
n 
   
   
  N
ew
 
O
rg
an
is
m
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
 s
iz
e 
(n
t)
   
   
   
co
nt
en
t 
   
   
   
no
.  
   
 s
el
en
op
ro
te
in
s 
   
se
le
no
pr
ot
ei
ns
   
  b
SE
C
IS
ca
n 
   
bS
EC
IS
Pr
ofi
le
   
 (
tb
la
st
n 
+
 b
la
st
x)
   
 s
el
en
op
ro
te
in
s 
   
  s
el
en
op
ro
te
in
s
Aq
ui
fe
x 
ae
ol
icu
s 
1,
55
1,
33
5 
0.
43
 
44
,4
69
 
2 
1 
13
6 
85
 
8 
2 
0
Bu
rk
ho
ld
er
ia
 m
al
le
i 
2,
32
5,
37
9 
0.
69
 
44
,6
71
 
1 
0 
36
67
 
23
76
 
7 
1 
0
Bu
rk
ho
ld
er
ia
 p
se
ud
om
al
le
i 
3,
17
3,
00
5 
0.
70
 
62
,3
39
 
1 
0 
31
94
 
18
11
 
7 
1 
0
Ca
m
py
lo
ba
ct
er
 je
ju
ni
 
1,
64
1,
48
1 
0.
31
 
59
,2
84
 
3 
1 
42
 
29
 
4 
2 
0
Cl
os
tr
id
iu
m
 p
er
fr
in
ge
ns
 
3,
03
1,
43
0 
0.
29
 
97
,4
44
 
2 
0 
98
 
41
 
4 
2 
0
D
es
ul
fo
ta
le
a 
ps
yc
hr
op
hi
la
 
3,
52
3,
38
3 
0.
47
 
12
4,
85
0 
11
 
7 
14
85
 
91
7 
24
 
11
 
2
D
es
ul
fo
vib
rio
 v
ul
ga
ris
 
3,
57
0,
85
8 
0.
63
 
96
,2
29
 
8 
8 
34
53
 
24
67
 
15
 
8 
0
Es
ch
er
ich
ia
 c
ol
i 
4,
63
9,
22
1 
0.
51
 
16
7,
51
5 
3 
3 
72
3 
40
3 
10
 
3 
0
G
eo
ba
ct
er
 s
ul
fu
rr
ed
uc
en
s 
3,
81
4,
13
9 
0.
61
 
10
7,
83
2 
8 
7 
19
55
 
11
80
 
13
 
8 
2
H
ae
m
op
hi
lu
s 
du
cr
ey
i 
1,
69
8,
95
5 
0.
38
 
64
,2
87
 
1 
0 
20
3 
11
0 
3 
1 
0
H
ae
m
op
hi
lu
s 
in
flu
en
za
e 
1,
83
0,
02
3 
0.
38
 
68
,0
06
 
2 
1 
81
 
45
 
2 
2 
0
H
el
ico
ba
ct
er
 h
ep
at
icu
s 
1,
79
9,
14
6 
0.
36
 
64
,8
96
 
2 
0 
24
5 
11
8 
2 
2 
0
M
an
nh
ei
m
ia
 s
uc
cin
ici
pr
od
uc
en
s 
2,
31
4,
07
8 
0.
43
 
75
,0
08
 
2 
0 
44
3 
25
9 
5 
2 
0
M
yc
ob
ac
te
riu
m
 a
viu
m
 
4,
82
9,
78
1 
0.
69
 
10
1,
05
9 
1 
0 
58
18
 
31
07
 
10
 
1 
0
Pa
st
eu
re
lla
 m
ul
to
cid
a 
2,
25
7,
48
7 
0.
41
 
88
,8
09
 
1 
0 
14
2 
86
 
3 
1 
0
Ph
ot
ob
ac
te
riu
m
 p
ro
fu
nd
um
 
2,
23
7,
94
3 
0.
41
 
95
,7
98
 
4 
0 
62
3 
37
8 
11
 
2 
0
Ph
ot
or
ha
bd
us
 lu
m
in
es
ce
ns
 
5,
68
8,
98
7 
0.
43
 
24
0,
77
8 
1 
0 
19
74
 
10
49
 
7 
1 
0
Ps
eu
do
m
on
as
 a
er
ug
in
os
a 
6,
26
4,
40
3 
0.
67
 
13
0,
10
9 
1 
0 
35
96
 
17
63
 
11
 
1 
0
Ps
eu
do
m
on
as
 p
ut
id
a 
6,
18
1,
86
3 
0.
62
 
13
8,
70
5 
1 
0 
55
71
 
35
24
 
19
 
1 
0
Sa
lm
on
el
la
 ty
ph
im
ur
iu
m
 
4,
85
7,
43
2 
0.
52
 
16
3,
47
6 
3 
3 
25
29
 
14
79
 
18
 
3 
0
Sh
ew
an
el
la
 o
ne
id
en
sis
 
4,
96
9,
79
5 
0.
44
 
18
6,
26
1 
1 
1 
51
3 
32
6 
7 
1 
0
Sh
ig
el
la
 fl
ex
ne
ri 
2a
 
4,
60
7,
19
7 
0.
51
 
16
8,
39
1 
3 
2 
36
81
 
22
39
 
17
 
3 
0
Si
no
rh
iz
ob
iu
m
 m
el
ilo
ti 
pl
as
m
id
 p
Sy
m
A 
1,
35
4,
21
6 
0.
60
 
38
,8
28
 
1 
1 
87
9 
46
1 
5 
1 
0
Sy
m
bi
ob
ac
te
riu
m
 th
er
m
op
hi
lu
m
 
3,
56
6,
13
5 
0.
69
 
80
,0
88
 
11
 
3 
37
97
 
26
79
 
20
 
11
 
0
Th
er
m
oa
na
er
ob
ac
te
r t
en
gc
on
ge
ns
is 
2,
68
9,
44
5 
0.
38
 
89
,2
67
 
3 
0 
26
4 
16
5 
4 
3 
0
Tr
ep
on
em
a 
de
nt
ico
la
 
2,
84
3,
20
1 
0.
38
 
86
,3
91
 
6 
6 
37
6 
22
9 
11
 
6 
0
W
ol
in
el
la
 s
uc
cin
og
en
es
 
2,
11
0,
35
5 
0.
48
 
87
,9
43
 
1 
1 
99
2 
47
7 
3 
1 
0
Ye
rs
in
ia
 p
es
tis
 b
io
va
r M
ed
ia
ev
ai
ls 
4,
59
5,
06
5 
0.
48
 
18
4,
45
0 
1 
0 
11
15
 
68
1 
19
 
1 
0
Ye
rs
in
ia
 p
es
tis
 K
IM
 
4,
60
0,
75
5 
0.
48
 
18
4,
83
5 
1 
0 
87
7 
49
0 
22
 
1 
0
To
ta
l 
98
,5
66
,4
93
 
 
3,
14
2,
01
8 
86
 
45
 
48
,4
72
 
28
,9
74
 
29
1 
83
 
4
2584  Zh a n g & gl ad y S h E v I n Bioinformatics  21 (2005)
in most SECIS elements, and an adjacent 4–16 bp stem. Pri-
mary sequences are not conserved except a single guanosine 
(G) present among the first two nucleotides in the apical loop. 
The G is often followed with a U, which was suggested to be 
important for interaction with SelB (Fourmy et al., 2002), but 
this nucleotide is not strictly conserved. We observed a mini-
mal spacing of 16 nt and a maximal spacing of 37 nt between 
the UGA codon and the apical loop, although the spacing for 
most bacterial SECISes was limited to 18–23 nt. Other features 
associated with the SECIS structure, such as number and com-
position of internal loops, bulges, lower stems were not obvi-
ous from our analysis. These data suggested that an absolute 
majority of bacterial SECIS elements can be described by a 
common structural model and that these structures probably 
occur exclusively in downstream sequences flanking the UGA. 
A recent study described a Watson–Crick base pair within the 
apical loop of the Moorella thermoacetica fdhA SECIS element, 
which probably stabilized the SelB/SECIS interaction (Yo-
shizawa et al., 2005). Although this base pair is not strictly con-
served within bacterial SECIS elements, this feature might in 
future help to further improve the bSECIS model. 
Identification of bSECIS elements and selenoprotein genes in 
completely sequenced Sec-utilizing genomes
As a first application of our program, we analyzed com-
pletely sequenced genomes of Sec-utilizing organisms, i.e. or-
ganisms that had SelA, SelB and SelD genes. Among bacterial 
genomes available at NCBI, 29 genomes possessed these genes 
(Table 1). These genomes summed up to 98,566,493 nt and con-
tained 3,142,018 TGA triplets on both strands. To identify sele-
noprotein genes, the program initially tested the occurrence 
of candidate bSECIS elements downstream of each candidate 
UGA codon. Primary and secondary structures of candidate 
bSECIS elements were analyzed against the bSECIS structural 
model and ORF constraints. 48,472 candidate bSECIS elements 
(1.5% of the total number of UGA codons) were selected by the 
bSECIScan module. Thus, this module could quickly filter out 
most Sec-unrelated UGA codons (98.5%) in bacterial genomes. 
Subsequent application of bSECISProfile resulted in 28,974 can-
didate structures, which were further reduced to 291 hits by 
the bSECISFilter module. These hits were divided into homo-
logs of previously known selenoproteins (83 sequences) and 
candidate selenoproteins (208 sequences). The latter sequences 
were manually analyzed for the location of UGA codons, oc-
currence of Sec-containing and Cys-containing homologs and 
presence of potential bSECIS elements in Sec-containing ho-
mologs. This procedure resulted in four new selenoprotein 
genes (Table 1). 
A control genome, Lactococcus lactis, was also analyzed, 
which did not have Sec insertion machinery and was not ex-
pected to possess selenoprotein genes. No hits were found 
in this genome, suggesting that our algorithm could distin-
guish, at least among some bacteria, Sec-utilizing from other 
organisms. 
Previously known selenoproteins detected in completely 
sequenced genomes
The 83 known selenoprotein sequences belonged to 19 sele-
noprotein families (Table 2). Importantly, this set included gly-
cine reductase selenoprotein A genes, which could not be iden-
Table 2 Selenoproteins identified in completely sequenced genomes
Protein family                                                                                            Occurrence                                   Example
19 previously characterized selenoproteins (86 sequences)
    Formate dehydrogenase 37 Aquifex aeolicus
    Selenophosphate synthetase 14 Haemophilus ducreyi
    Glycine reductase selenoprotein A 5 Symbiobacterium thermophilum
    Glycine reductase selenoprotein B 5 Symbiobacterium thermophilum
    HesB-like protein 4 Symbiobacterium thermophilum
    SelW-like protein 4 Geobacter sulfurreducens
    Fe-S oxidoreductase 2 Desulfovibrio vulgaris
    Methylviologen-reducing hydrogenase alpha subunit 2 Desulfotalea psychrophila
    Prx-like thiol : disulfide oxidoreductase 2 Geobacter sulfurreducens
    Thioredoxin 2 Geobacter sulfurreducens
    Coenzyme F420-reducing hydrogenase delta subunit 1 Desulfotalea psychrophila
    Distant AhpD homolog 1 Geobacter sulfurreducens
    DsbG-like protein 1 Symbiobacterium thermophilum
    DsrE-like protein 1 Desulfovibrio vulgaris
    Glutaredoxin 1 Geobacter sulfurreducens
    Glutathione peroxidase 1 Treponema denticola
    Heterodisulfide reductase subunit A 1 Desulfotalea psychrophila
    Homolog of AhpF N-terminal domain 1 Symbiobacterium thermophilum
    Peroxiredoxin 1 Symbiobacterium thermophilum
4 new selenoproteins (4 sequences)
    Radical SAM domain protein 1 Geobacter sulfurreducens
    Sulfurtransferase COG2897 1 Geobacter sulfurreducens
    Sulfurtransferase COG0607 1 Desulfotalea psychrophila
    Sulfurtransferase homologous to rhodanese-like protein ZP_00243227 1 Desulfotalea psychrophila
Total                                                                                          90
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tified by searching for Sec/Cys pairs in homologous sequences 
as no Cys homologs are known for this protein (Kryukov and 
Gladyshev, 2004). Structural alignment of bSECIS sequences 
present in these selenoproteins highlighted conserved fea-
tures of the bSECIS model (Figure 3A). An exhaustive search 
against Sec-utilizing genomes with all previously known sele-
noproteins (Kryukov and Gladyshev, 2004) revealed a total of 
86 selenoproteins belonging to the same 19 selenoprotein fam-
ilies, but only 45 of them were correctly annotated in genomic 
sequences (Table 1). The three selenoproteins missed by bSE-
CISearch included two SelD (Campylobacter jejuni, Photobacte-
rium profundum) and one selenoprotein A (P. profundum) genes. 
We analyzed these selenoproteins and found that two of them 
contained unusual bSECIS-like structures that could not be de-
tected by our model (Figure 3B). It cannot be excluded that sec-
ondary structures were incorrectly predicted in these bSECIS 
elements. It is also possible that additional bSECIS types occur 
in these genes or there are sequencing errors within sequences 
downstream of Sec UGA codons. The third, C. jejuni SelD, was 
discarded because a UAA stop codon was detected upstream 
of the in-frame UGA codon within the SelD ORF. Thus, the C. 
jejuni SelD probably had a sequencing error (or was a pseu-
dogene). In spite of the inability to detect these selenoprotein 
genes, the program identified 96.5% (true positive rate) known 
selenoprotein genes representing all known selenoprotein fam-
ilies in the 29 Sec-utilizing genomes. 
Analysis of distribution of selenoproteins in the genomes of 
Sec-utilizing organisms showed that most genomes contained 
one or two selenoproteins. In addition, several selenoprotein-
rich bacteria were identified, including Symbiobacterium ther-
mophilum (11 selenoproteins), Desulfotalea psychrophila (11 sele-
noproteins), Desulfovibrio vulgaris (8 selenoproteins), Geobacter 
sulfurreducens (8 selenoproteins) and Treponema denticola (6 
selenoproteins). A total of 44 selenoproteins in these selenopro-
tein-rich genomes accounted for 51.2% of detected selenopro-
tein sequences, suggesting high Sec usage in these organisms. 
Of all selenoproteins, the formate dehydrogenase family 
had a particularly high representation. This selenoprotein was 
identified in 24 of the 29 bacterial species (Table 3). In many of 
these organisms, formate dehydrogenase was the only seleno-
protein and its gene often flanked Sec insertion genes. Previ-
ous smaller scale analyses of prokaryotic genomes for Sec/Cys 
pairs also revealed that this protein was present in many or-
ganisms that utilize Sec, and its occurrence was by far, more 
common than any other selenoprotein (Kryukov and Glady-
shev, 2004). Phylogenetic analyses provided additional clues 
on the evolution of this enzyme family (Supplementary Figure 
S2). We found that most Cys-containing formate dehydroge-
nases belonged to the fdhF subfamily, whereas most enzymes 
of the fdoG and fdnG subfamilies were selenoproteins. No de-
finitive conclusions could be made on what was the original 
form of formate dehydrogenase (i.e. whether it was Sec-con-
taining or Cys-containing protein). 
Interestingly, a Cys-containing formate dehydrogenase 
fdnG from Mannheimia succiniciproducens clustered with a Sec-
containing homolog from the same organism and both be-
longed to the fdnG/fdoG subfamily. A bSECIS-like structure 
was found downstream of its Cys UGU codon, and this struc-
ture was similar to the corresponding structure detected in the 
selenoprotein homolog (Supplementary Figure S3). The data 
suggest that the Cys-containing fdnG evolved from a Sec-con-
taining ancestor by replacing UGA with UGU. The presence of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
such ‘fossil’ SECIS elements was also previously observed in 
archaea [Methanococcus voltae vhuD protein, (Böck and Rother, 
2005)] and eukaryotes [mouse GPx6 (Kryukov et al., 2003)]. 
In the five Sec-utilizing organisms, in which the Sec-con-
taining formate dehydrogenases were absent, only Photobacte-
rium profundum possessed a Cys-containing homolog, whereas 
neither Sec-containing nor Cys-containing formate dehydroge-
nases could be detected in Clostridium perfringens, Haemophilus 
ducreyi, Thermoanerobacter tengcongensis and Treponema dentic-
ola. It is possible that adaptations to new living environments 
resulted in changes in the requirement of these enzymes for 
anaerobic respiration. Under these new conditions, other sele-
noproteins (perhaps, SelD as its Sec-containing form is present 
in all four of these bacteria) might have become responsible for 
maintaining the Sec utilization trait. 
SelD, which is a key component in prokaryotic selenopro-
tein biosynthesis (Ehrenreich et al., 1992), was the second most 
abundant selenoprotein family which was detected in 14 Sec-
utilizing organisms. In Haemophilus ducreyi, SelD was the only 
selenoprotein detected. All other selenoproteins had low oc-
currence, including eight which were represented by single 
Table 3 Distribution of either Sec-containing or Cys-containing 
formate dehydrogenases in 29 genomes of Sec-utilizing bacteria
                                                     Sec-containing    Cys-containing 
                                                          formate               formate  
Organism                                      dehydrogenase    dehydrogenase
Aquifex aeolicus 1 0
Burkholderia mallei 1 2
Burkholderia pseudomallei 1 2
Campylobacter jejuni 1 0
Clostridium perfringens 0 0
Desulfotalea psychrophila 4 0
Desulfovibrio vulgaris 3 0
Escherichia coli 3 1
Geobacter sulfurreducens 1 0
Haemophilus ducreyi 0 0
Haemophilus influenzae 1 0
Helicobacter hepaticus 1 0
Mannheimia succiniciproducens 1 2
Mycobacterium avium 1 0
Pasteurella multocida 1 0
Photobacterium profundum 0 2
Photorhabdus luminescens 1 0
Pseudomonas aeruginosa 1 0
Pseudomonas putida 1 3
Salmonella typhimurium 3 0
Shewanella oneidensis 1 3
Shigella flexneri 2a 3 1
Sinorhizobium meliloti plasmid pSymA 1 0
Symbiobacterium thermophilum 3 0
Thermoanaerobacter tengcongensis 0 0
Treponema denticola 0 0
Wolinella succinogenes 1 3
Yersinia pestis biovar Mediaevails 1 1
Yersinia pestis KIM 1 1
Total 37 21
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sequences (all present in selenoprotein-rich organisms). The 
identical pattern of occurrence of selenoproteins A and B was 
consistent with previous studies that placed these enzymes in 
the same pathway (Kreimer and Andreesen, 1995). 
New selenoproteins detected in completely sequenced genomes
Four new selenoprotein families (Table 2; Figure 3C) were 
manually identified among 208 candidate selenoproteins gen-
erated by bSECISearch, and all had Cys-containing homologs 
in other organisms. Multiple alignments of these new sele-
noprotein families, along with their Cys-containing homo-
logs, revealed sequence conservation of Sec/Cys pairs and 
their flanking regions (Figure 4). All four selenoproteins ei-
ther had a domain of known function or were homologous to 
protein families with known functions. These new selenopro-
teins included G. sulfurreducens radical SAM domain protein 
(COG0535, predicted Fe–S oxidoreductase family) and three 
different families of rhodanese-like sulfurtransferases: G. sul-
furreducens sulfurtransferase (COG2897, SseA), D. psychrophila 
sulfurtransferase (COG0607, PspE) and D. psychrophila sulfur-
transferase [homologous to a putative rhodanese-related sul-
furtransferase in Rubrivivax gelatinosus (ZP_00243227)]. 
The presence of three selenoprotein sequences representing 
various families of the rhodanese superfamily is interesting 
and suggests an advantage that the use of Sec may provide for 
the sulfurtransferase function. In addition, we recently identi-
fied a fourth family of Sec-containing sulfurtransferases in the 
microbial sequence dataset of the environmental genomes of 
the Sargasso Sea (Y. Zhang, D. E. Fomenko, and V. N. Glady-
shev 2005, submitted for publication). Further experimental 
verification is needed for the newly identified selenoproteins. 
One purpose of our bSECISearch algorithm was to test how 
many selenoproteins exist that do not have Cys-containing ho-
mologs. To date, only one such protein, glycine reductase sele-
noprotein A, is known. However, 4 of 5 selenoprotein A genes 
present in the 29 Sec-utilizing genomes were detected by our 
method, suggesting that it can indeed identify selenoproteins 
with no Cys-containing homologs. Since we did not find addi-
tional such selenoproteins in the 29 completely sequenced ge-
nomes, it appears that selenoproteins with no Cys homologs 
are extremely rare. 
Finally, we tested if bSECISearch can distinguish the Sec-
encoding function of UGA codon from other coding functions. 
In Mycoplasma, UGA codons designate Trp (Christiansen et al., 
1997). We analyzed the genome of Mycoplasma gallisepticum, 
which contains 44 606 TGA triplets. The use of bSECIScan and 
bSECISProfile modules of bSECISearch resulted in 42 candi-
date bSECIS-like structures; however, a subsequent bSECISFil-
ter screening discarded all of these hits. Thus, our method may 
also be used to distinguish the Sec-encoding function from 
other recoding function of UGA codons. 
Discussion 
SECIS elements are essential for recognition of UGA as Sec 
codons (Thanbichler and Böck, 2002). These structures are well 
characterized in E. coli (Berg et al., 1991). However, one of the 
major deficiencies in the field has been the inability to identify 
bSECIS elements in many other selenoprotein genes as well 
as the lack of a common model for bacterial SECIS elements. 
In this study, we addressed these problems by detecting such 
structures in most bacterial selenoprotein genes, identifying 
conserved features in them and building a consensus bSECIS 
structural model. We then used the model to develop a bSE-
CISearch algorithm, which combined three independent ap-
proaches to identify bSECIS elements and bacterial selenopro-
tein genes in genomic sequences. 
The algorithm was designed for routine investigations of 
bacterial genomes. However, the use of the consensus bacte-
rial SECIS model alone is not sufficient to identify bSECIS ele-
ments in bacterial genomic databases because of low conserva-
tion of this structure. In our study, we intended our consensus 
bSECIS structural model to be somewhat ‘loose’ and to focus on 
the common stem–loop core in either simple (standard hairpin) 
or complex (additional nested or juxtaposed hairpin structures) 
bSECIS elements, so that it could have a greater tolerance for 
variations within the bSECIS region. We found that the num-
ber of predicted bSECIS-like structures in organisms with high 
GC content (e.g. Mycobacterium avium) was much higher than in 
organisms with low GC content (e.g. C. jejuni). This is probably 
because of the likelihood of finding a G in the apical loop posi-
tion. A recent study (Sandman et al., 2003) suggested an unex-
pected tolerance of mutations within the SECIS element, which 
appears to be consistent with our consensus model. It is possi-
ble that distinct classes of SECIS elements exist, which could not 
be recognized by our model. Further experimental verifications 
and tests are necessary to examine this possibility. 
Unlike most previous methods used in eukaryotic SECIS ele-
ment prediction, our method introduced a statistical foundation 
based on the training data and E-value calculation (the bSECIS-
Profile module), as well as homology search (the bSECISFil-
ter module). Our search results are not only consistent with the 
previous studies (Kryukov and Gladyshev, 2004) that identified 
selenoprotein genes by searching for Sec/Cys pairs in homolo-
gous sequences, but also show an improvement with respect to 
identification of selenoproteins, for which Cys homologs are not 
known. Additional computational methods, such as covariance 
models based on stochastic context-free grammars (Eddy and 
Durbin, 1994), may further improve accuracy of our algorithm. 
Among selenoprotein-containing organisms that were ana-
lyzed in our study, most were obligatory or facultative anaer-
obes that grow optimally at ambient temperatures and neutral 
pH. Distribution of these organisms did not match the evolu-
tionary history of bacteria. The five selenoprotein-rich bacteria 
belonged to three evolutionarily distant phyla (Proteobacteria, 
Firmicutes, and Spirochaetes) which also contained selenopro-
tein-poor organisms. No clear links could be established with 
respect to the occurrence and number of selenoproteins and 
the phylogeny of the organisms. 
The high abundance of formate dehydrogenase genes was 
consistent with the idea that this selenoprotein family is largely 
responsible for maintaining the Sec utilization trait. On the other 
hand, the absence of Sec-containing formate dehydrogenases in 
a small number of Sec-utilizing organisms and a scattered oc-
currence of most of other selenoproteins illustrate a highly dy-
namic nature of Sec evolution. The analysis of selenoproteins 
and the compensatory sets of Cys-containing homologs (for ex-
ample, formate dehydrogenase) provides a model system to an-
alyze origins and evolution of selenoprotein families. 
An additional novelty of our study was identification of 
four new selenoprotein genes. Among these, G. sulfurreducens 
radical SAM domain protein (NP_952365) and G. sulfurredu-
cens sulfurtransferase (COG2897, NP_951984) have been an-
notated as putative selenoproteins in this genome (Methe et 
al., 2003). Although these annotations were correct, the crite-
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ria that were used are not clear as misannotations of seleno-
protein genes are common. In fact, we found that only 45 de-
tected selenoprotein genes are correctly annotated in Genbank 
(including the two new G. sulfurreducens selenoproteins). We 
also found that several sequences are incorrectly annotated as 
selenoproteins. For example, YP_066331, a homolog of 30S ri-
bosomal protein S6 in D. psychrophila is annotated as seleno-
protein containing two putative Sec residues; however, this se-
quence has neither Sec-containing or Cys-containing homologs 
nor bSECIS. On the other hand, since the two G. sulfurreducens 
have passed the stringent criteria employed by bSECISearch, 
these should be viewed as excellent candidates. 
In conclusion, we show that most bacterial SECIS elements 
can be described by a common structural model. Our bSE-
CISearch tool that was built using this model can provide sig-
nificant hints to assist with identification and characterization 
of bacterial SECIS elements and selenoprotein genes. As scien-
tific community is faced with the explosion in the amount of 
sequence data, the ability to identify bacterial SECIS elements 
can help interpret correctly the selenoprotein sequences. Sys-
tematic exploration of bSECIS elements, selenoproteins and 
selenoproteomes should in turn, result in a better understand-
ing of recoding processes as well as the role of the trace ele-
ment selenium in nature. 
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1. Building position specific scoring matrices
Position specific scoring matrices (PSSMs) for the apical loop 
and the upper stem of bacterial SECIS element are derived 
from the segment-based sequence alignment. Log-likelihood 
ratio was used for scoring the relative likelihood of each align-
ment. Each element M i, j in the PSSM was generated according 
to the following formula: 
                         
Mi,j =  log
 (ni,j + pi)/(N + 1)
                                                    pi
where N is the total number of bSECIS elements in our train-
ing dataset; ni, j is the number of occurrences of letter i (the nu-
cleotides A, C, G and U and the gap -) at position j of an align-
ment; and pi is the a priori probability of letter i. Given the 
assumption that the distribution of letters is independent, pi is 
an overall frequency of the letters in all sequences or the fre-
quency within a subset of sequences (our training data, Ak-
maev et al., 2000). We tried both pi models and found that 
there was no significant difference between them in regard to 
computing the probability of the original alignment (Pali) using 
the following multinomial distribution: 
                             Pali = ∏
C
j=1{∏Ai=1 pini,j           N!                                                         ∏A
i=1 
ni,j! }
               
where A is the total number of letters in the sequence alphabet 
(4 for DNA/RNA and 20 for protein) and C is the total num-
ber of columns in the alignment. The final PSSMs (Gribskov et 
al., 1987) were composed of 5 rows (A, C, G, U and gap -) and 
L columns (L = maximum length of an alignment). 
2. The quasi-greedy alignment algorithm
To find optimal bSECIS elements in the candidate set, we de-
veloped a quasi-greedy alignment algorithm based on the 
Gotoh dynamic programming algorithm (Gotoh, 1982; Gotoh, 
1999). First, the apical loop and the upper-stem of each candi-
date bSECIS element were compared with all possible sequence 
combinations derived from PSSMs. For a set of N different se-
quences and a 5xL profile matrix, the standard algorithm for 
comparison is a greedy algorithm with a time complexity of 
O(5LN3). However, many of these alignments are redundant 
or have very low scores. Therefore, to optimize the alignment 
algorithm, we added additional constraints, including elimi-
nating sequence combinations with negative weight scores or 
excessive number of gaps. A similar but more sophisticated 
strategy was successfully applied to the problem of identi-
fication of RNA sequence motifs (Gorodkin et al., 2001). For 
each alignment, a modified Gotoh algorithm was used to com-
pare the basic structural elements of each candidate bSECIS 
element to the profiles based on substitution scores and gap 
penalties (Gotoh, 1982). Our major modification to the original 
algorithm was in the scoring scheme. In the unmodified algo-
rithm, score at any position in each alignment is based on the 
comparison of nucleotides at the corresponding positions in 
the aligned sequences. In our analysis, the score was obtained 
not only from the substitution score, but also from the weight 
matrices and our bSECIS structural model. The total score of 
each comparison was the sum of individual position scores. 
The next step calculated a total weight score for every can-
didate bSECIS element by summing individual scores of each 
structural element, and compared alignments to each other. Fi-
nally, optimal bSECIS elements and their predicted ORFs were 
presented for selecting optimal M ≤ N sequences with weight 
scores greater than the predefined cutoff. 
3. Definition of E-value for SECIS profiling
We approximated the occurrence of positive-scoring candidate 
bSECIS elements in a random database as a compound Pois-
son process. Therefore, alignment scores (S) should follow an 
Extreme Value Distribution (EVD, Frith et al., 2002) with the 
E-value (E) defined as: 
E = K (N –  S)e–λS            F
where N is the length of a putative bSECIS element, F is the fi-
nite length correction, and λ and K are normalizing parame-
ters. This assumption is related to the BLAST statistics of Kar-
lin and Altschul (Karlin and Altschul, 1990). In practice, the 
values of F and K are much less important than that of λ, which 
appears in the exponent of the extreme value distribution. 
Considering that the exact values for these parameters is 
hard to compute, we simplified the above formulas to give a 
closed solution based on three assumptions: (i) high-scoring 
bSECIS elements are rare (< 5%) in a random database; and (ii) 
optimal bSECIS elements do not have a significant tendency 
to overlap with themselves or (iii) with other optimal bSECIS 
candidates. Our E-values were calculated from three factors: 
bit score, length of each putative bSECIS element and size of a 
random database (see below). First, the training set SECIS el-
ements were randomly inserted into a 1 Mb randomized nu-
cleotide database. Normalized bit score (Sb) was derived from 
the raw weight score (Sw) using the following normalizing 
equation: 
Sb =
  λSw — ln K
     ln 2
where the initial values of λ and K were determined empiri-
cally according to the BLAST statistics: λ = 1.5 and K = 0.5. As 
a result, bit scores and E-values could be independent of the 
original scoring system, allowing those calculated with partic-
ular rewards and penalties to be compared directly to those 
calculated with different rewards and penalties. We then enu-
merated all possible positive scoring sequences of a maximum 
length equal to the longest bSECIS element, and measured the 
distribution of their scores. To maintain good confidence lev-
els, we defined a bit score threshold (T), which gives a low 
enough (< 5%) false positive rate (FPR). The following con-
straint should be satisfied: 
(FPR = 1 —   NSb > T  ) < 5%            NRandom
                   
Sb > T
where NSb>T is the number of known bSECIS elements in the 
training set with bit score ≥ threshold, and NRS
a
b
n
>
d
T
om is the num-
ber of hits detected in the randomized nucleotide database 
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with score ≥ threshold. We then adjusted λ and K manually to 
determine a trade off until the Sb-FPR distribution fitted nicely 
a generalized EVD (data not shown). Finally the following ap-
proximate equation was obtained to calculate our E-value: 
E = 7.11 × 105 Le–1.37Sb
where L is the effective length of each bSECIS element. 
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Supplementary figures
Figure 1. SECIS elements in eukaryotes, archaea and bacteria.
A. Two forms of eukaryotic SECIS elements: The allowed lengths of heli-
ces and loops are indicated. Conserved nucleotides are shown in red, in-
cluding the four non-Watson-Crick base pairs (quartet or SECIS core) 
and two unpaired adenosines in the apical loop of form I or internal 
loop of form II structures. 
B. SECIS elements in Methanococcus jannaschii selenoprotein mRNAs: 
Methanococcus jannaschii SECIS elements are shown. The conserved 
GAA___A internal loop and three consecutive C-G or G-C base pairs 
are highlighted in red. fdhA, formate dehydrogenase; vhuU, F420-non-
reducing hydrogenase; fwdB, formylmethanofuran dehydrogenase; fruA, 
F420-reducing hydrogenase; selD, selenophosphate synthetase. 
C. SECIS elements in the Escherichia coli formate dehydrogenase fdhF 
and fdnG mRNAs: The bulged and apical loop nucleotides that interact 
with the translation elongation factor SelB are highlighted in red. The Sec 
UGA codon is shown in bold. 
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Figure 2. Phylogenetic analysis of formate dehydrogenases. 
Selenoproteins are shown in red and Cys-containing homologs in blue. fdhF, formate dehydrogenase H; fdnG, formate dehydrogenase N; fdoG, formate 
dehydrogenase O; fdhA, formate dehydrogenase alpha subunit (subfamily designation is not clear). 
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Figure 3. Predicted bacterial SECIS elements in Sec-containing and Cys-containing fdnG genes in Mannheimia succiniciproducens.
Only sequences downstream of UGA/UGU codons are shown. In-frame UGA/UGU codons are shown in bold. Conserved guanosines (G) in the api-
cal loops are highlighted in red. 
bSECISE ar C h al g o rI th m f o r SECIS E l E mE n tS an d S El E n o p r o tE In g E n E S   Suppl. 4
